her colleagues showed that when embryonic tissue was This is important for encouraging axons to regrow implanted into a lesion created in rat spinal cord, there in vivo.
respectively, when grown on MAG-expessing cells compared to control cells, regardless of whether neurotrophunder these same conditions, a soluble recombinant form of MAG repels these Xenopus growth cones, but ins were present in the media. Therefore, of the neurotrophins tested, none had an effect on MAG's inhibition this repulsion is switched to attraction by addition of a cAMP agonist to the culture media (Song et al., 1998) .
of neurite outgrowth when added at the same time as cultured neurons are exposed to MAG. These studies imply that the neuronal cytosolic cAMP levels may dictate whether a particular molecular guidHowever, we noted from Bregman (1998) that spinal neurons in vivo that extended long axons into white ance cue is repulsive/inhibitory or attractive/promoting.
In this study, we ask if the inhibitory effects of MAG matter distal to a lesion site had been exposed to neurotrophins prior to encountering myelin. Therefore, we and of CNS myelin can be modulated by neurotrophins and if this modulation involves cAMP. We show that asked if this prior exposure to neurotrophins affects the ability of MAG to inhibit outgrowth. Cerebellar and older growth inhibition by MAG and myelin is indeed blocked in cerebellar neurons that are first cultured overnight DRG neurons were isolated as usual, but instead of plating them directly onto the MAG-expressing and con-(primed) with BDNF or with glial-derived neurotrophic factor (GDNF), but not with NGF. For DRG neurons, trol cells, they were first grown overnight on poly-l-lysine in the presence or absence of one of the neurotrophins, inhibition by MAG and myelin is blocked when the neurons are primed with BDNF, GDNF, or NGF. The priming each at a concentration of 200 ng/ml. After overnight priming, the neurons were then replated onto the MAGeffect is both time dependent and dose dependent. Adding neurotrophins at the same time as exposure to MAG expressing or the control cells. For cerebellar neurons primed with BDNF or GDNF, but not NGF, before being or myelin has no effect on inhibition. In addition, we show that artificial elevation of cAMP levels with dibuexposed to MAG, the inhibition by MAG was completely blocked. Figure 1 shows that priming with BDNF or tyryl cAMP also blocks inhibition by both MAG and myelin. Following from this, we show that neurotroph-GDNF resulted in the same neurite growth in the presence of MAG as on the control cells (Figures 1c-1f) . In ins increase neuronal cAMP levels, and if neurons are primed with neurotrophins in the presence of a protein contrast, priming with NGF or without neurotrophin has no effect on the ability of MAG to inhibit axonal regenerakinase A (PKA) inhibitor, the block of MAG and myelin inhibition is completely abrogated. Finally, if neurons tion (Figures 1a, 1b, 1g , and 1h): inhibition is about 70%, as we found previously for unprimed neurons (Mukhoare not primed but are instead exposed simultaneously to neurotrophins and MAG or myelin along with the padhyay et al., 1994). These results demonstrate that if cerebellar neurons are exposed to specific neurotroph-G protein inhibitor, pertussis toxin, inhibition is also blocked. Together, these results indicate that increased ins (BDNF or GDNF but not NGF) before being exposed to MAG, inhibition is completely blocked. cAMP levels and activation of PKA can block the inhibitory effects of MAG and myelin, but only when they are Similar experiments with older DRG neurons, which are also inhibited by MAG (Mukhopadhyay et al., 1994; elevated/activated prior to exposure to MAG or myelin. The requirement for priming indicates that binding MAG De Bellard et al., 1996), showed that priming the neurons with BDNF or GDNF completely blocked the inhibitory or myelin to neurons activates an inhibitory G protein that blocks any increase in cAMP, a conclusion supeffects of MAG (Figure 2 ). However, unlike cerebellar neurons, older DRG neurons primed with NGF also reported by finding that MAG blocks neurotrophininduced elevation of cAMP and pertussis toxin neutralsisted the inhibitory effects of MAG (Figures 2g and 2h) . Overnight culture in the absence of growth factor had izes the block by MAG. Along with recent studies in vivo (Berry et al., 1996; Bregman, 1998), our results point no effect on the ability of MAG to subsequently inhibit axonal growth, nor did priming with any of the neuroto a model of enhanced regeneration and functional trophins have any effect on neurite outgrowth on the recovery in vivo by elevating cAMP and activation of control cells (Figures 1 and 2 ). Therefore, depending on PKA in neurons or growth cones very soon after injury, the type of neuron, priming with specific neurotrophins before growth cones encounter myelin inhibitors.
can completely and specifically block the inhibitory effects of MAG. It is important to note that exactly the Results same inhibition, or block of inhibition, was recorded whether total process outgrowth or length of the longest Priming Neurons with Neurotrophins neurite was measured. Similarly, the same inhibition by prior to Exposure to MAG MAG or its block by neurotrophin priming was seen To determine if neurotrophins can reverse the inhibitory when cerebellar or DRG neurons from adult rats (ϾP60) effects of MAG on neurite outgrowth, BDNF, NGF, or were used (data not shown); although, in the majority GDNF were added separately at a concentration of 200 of these experiments, neurons from P7-P9 rats were ng/ml to either cerebellar (usually P7-P9) or older DRG used to facilitate neuronal preparation.
To further establish the specificity of neurotrophin neurons grown on monolayers of MAG-expressing or Figure 7) . Figure 7 shows effects of MAG-Fc and pertussis toxin tive an inhibitor of neurons that were primed in the presence of KT5720 as neurons that were never exposed to on GDNF-induced cAMP increases in cerebellar neurons are first exposed to particular neurotrophins before enand NGF-induced increases in DRG neurons. Identical countering MAG or myelin, their axonal growth is no effects were observed for BDNF-induced elevation in longer inhibited. Furthermore, since priming with neurocerebellar and for BDNF-and GDNF-induced cAMP eletrophins is so effective in blocking inhibition by myelin, vation in DRG neurons (data not shown).
both in culture and in vivo, it strongly implies that either (1) the action of all the major myelin-specific inhibitors is blocked by priming with neurotrophins or (2) that MAG Discussion is, itself, the major contributor to the overall inhibition by myelin. For the neurotrophins studied here, the effect For a number of years, the dogma has been that damaged axons of the mammalian CNS will not regrow into of priming is clearly mediated through activation of a cAMP-dependent pathway. If priming with neurotrophin areas of white matter, which is essentially myelin (see Johnson, 1993; Schwab and Bartholdi, 1996) . Recent is carried out in the presence of an inhibitor of PKA, priming has no effect-myelin and MAG still inhibit axostudies by two groups of workers appear to contradict this long-held view by showing extensive axonal renal regeneration. In contrast to the effect of priming, simultaneous addition of neurotrophin and exposure to growth into white matter, distal to a site of injury, without any obvious inhibition by myelin (Berry et al., 1996; Breg-MAG or myelin has no effect on inhibition. This distinction deserves emphasis: in order to grow in the presence man, 1998). We now offer an explanation for these surprising results by providing evidence that when neurons of myelin's inhibitory components, neuronal cAMP must These are important results for several reasons. First, to MAG/myelin and the neurotrophin simultaneously, endogenous cAMP levels are kept low by MAG/myelinthey suggest a general strategy to overcome myelinspecific inhibitors of regeneration in vivo: the elevation activated G i , and inhibition by MAG/myelin persists. Activation of G i by MAG/myelin, however, is not directly of neuronal cAMP levels and activation of PKA before the axon is challenged to regrow into white matter. responsible for inhibition of axonal regeneration because pertussis toxin alone, in the absence of growth Second, they provide direct evidence of specific signal transduction pathways involved in inhibition by MAG factor, has no effect on inhibition by MAG/myelin ( Figure  10 ). One prediction from this model is that interfering and myelin. Third, they describe a novel function for neurotrophins in modulating an axon's response to guidwith these signaling steps should interrupt the MAG/ myelin inhibitory events and permit axonal regeneration ance molecules. Finally, MAG, and perhaps all myelinspecific inhibitors, can now be added to the growing through white matter in vivo. same lines, direct competition by MAG for diverse neurotrophin receptors (Trk family members and GDNF family receptors) is not expected. Instead, as we show here, the neurotrophins BDNF, NGF, and GDNF activate PKA via elevation of cAMP, and we suggest that this is the mechanism by which MAG/myelin inhibition is neutralized. Both BDNF and NGF have been previously shown to increase cAMP levels in the PC12 neuronal line and intact isolated nerve endings from rat brain (Knipper  et al., 1993a, 1993b) . In those systems, the increase occurred within seconds and was believed to be via nonTrk receptors. Importantly, no functional consequence was attributed to the increase. ies, some of the neurons underwent an equivalent to Our present results allow us to expand the repertoire priming by being cultured overnight with NGF before of neurotrophins beyond their well studied effects on implantation. In addition, because they took great care neuronal survival and differentiation (see Barde, 1990;  to minimize glial scarring, which undoubtedly encourThoenen, 1991; Klein, 1994; Snider, 1994; Lindsay, 1996 (1) neurotrophins exposed to either the growth inhibition and (2) the observation that the axonal recone (Bregman's studies) or to the neuronal cell body sponse to a number of guidance molecules can be (Berry's studies and this report) can affect the response switched by altering cAMP levels. Obviously, the reto myelin inhibitors, and (2) more importantly, they point sponse of a particular neuron to neurotrophins is quite to a feasible approach to encouraging axonal regeneracomplex, especially given the likelihood that any one tion after injury in vivo. Bregman and Berry show that neuron will be exposed to many neurotrophins and guidit will work in vivo. We now show how it works. The next ance cues at any one time. It remains to be seen whether steps are to determine the optimal neurotrophin profile neurotrophins elevate neuronal cAMP to modulate axofor different neurons to regenerate under different cirnal growth during development. We have shown that cumstances-quite likely to be different from the optimal the response of DRG neurons to MAG switches durneurotrophin profile for survival-and to develop a pracing postnatal development and that cAMP-dependent tical means of administering them after injury to genermechanisms can regulate both the promoting and inhibate effective regeneration. iting response (D. Cai et al., submitted). It is possible that the decreased supply of neurotrophins, accompa-
Experimental Procedures
nied by the decreased responsiveness of neurons to neurotrophins, during development (see Jelsma and
Preparation of Myelin
Aguayo, 1994) leads to a decline in the neuronal levels of Myelin was purified as described previously (Norton and Poduslo, 1973) from rat CNS white matter. After the final hypotonic shock, cAMP, permitting MAG/myelin to switch to an inhibitory the membranes were centrifuged and resuspended in 10 mM adsorbed at 30 g/ml for 3 hr at 37ЊC to wells of microtitre plates coated for 2 hr at 37ЊC with anti-human IgG at 15 g/ml in 0.1 M HEPES. The protein concentration of the preparation was determined (Biorad) and used immediately as a substrate in the neurite bicarbonate buffer (pH 9.6). Prior to the binding assay, neurons were vitally labeled with a fluorescent dye, calcein AM (Molecular Probes), outgrowth assay.
by incubating 2 ϫ 10 6 neurons in 5 ml of 10 M calcein AM in PBS for 15 min at 37ЊC before being washed and resuspended in PBS.
Isolation of Neurons
The cerebella from two animals was combined in 5 ml of 0.025% A suspension (100 l) of vitally labeled neurons, containing 1-2 ϫ 10 5 cells, was added to each well and allowed to incubate for 1 hr trypsin, triturated, and incubated for 10 min at 37ЊC. DMEM (5 ml) containing 10% FCS was added, and cells were centrifuged at 800 at room temperature. The plates were washed three times with PBS applied to each well under gravity, and the fluorescence was rpm for 6 min. The cells were resuspended to a single-cell suspension in 2 ml of Sato (Progesterone, 20 nM; selenium, 30 nM; putresmeasured in a FluorImager (Molecular Dynamics). cine, 100 M; insulin, 5 g/ml; BSA, 4 mg/ml; L-thyroxine, 0.1 g/ ml; tri-iodo-thyronine, 0.08 g/ml) (Doherty et al., 1990 ). For older cAMP Assay DRG neurons, ganglia were removed from two animals and incuFor each assay, 2 ϫ 10 5 cerebellar or 2 ϫ 10 4 DRG neurons were bated in 5 ml of Sato media containing 0.025% trypsin and 0.15% plated per well of a 96-well dish. The neurons were incubated for collagenase type I (Worthington) for 30 min at 37ЊC. The ganglia at least 6 hr in Sato. Then either BDNF, GDNF, or NGF was added were triturated and trypsinization was stopped by adding 5 ml of at 200 ng/ml, with and without MAG-Fc at 20 g/ml as indicated, DMEM containing 10% FCS, centrifuged at 800 rpm for 6 min, and and incubated for a further 30 min. Where indicated, neurons were resuspended in Sato (De Bellard et al., 1996) . incubated with pertussis toxin at 2 ng/ml for 1-2 hr prior to the addition of neurotrophin or neurotrophin and MAG-Fc. Cyclic AMP Priming Neurons with Neurotrophins was measured in neurons using a competitive immunoassay, acTissue culture dishes (6 cm) were coated 16.6 g/ml with poly-lcording to the manufacturer's instruction (Amersham). lysine (Sigma) for 30 min at room temperature. Excess poly-l-lysine was washed off with H 2 O, and the plates were washed one more 
